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In human pathogenic bacteria, nickel is required for
the activation of two enzymes, urease and [NiFe]-hy-
drogenase, necessary for host infection. Acquisition
of Ni(II) is mediated by either permeases or ABC-im-
porters, the latter including a subclass that involves
an extracytoplasmic nickel-binding protein, Ni-BP.
This study reports on the structure of three Ni-BPs
from a diversity of human pathogens and on the
existence of three new nickel-binding motifs. These
are different from that previously described for
Escherichia coli Ni-BP NikA, known to bind nickel
via a nickelophore, and indicate a variegated ligand
selectivity for Ni-BPs. The structures are consistent
with ligand affinities measured in solution by calo-
rimetry and challenge the hypothesis of a general
requirement of nickelophores for nickel uptake by
canonical ABC importers. Phylogenetic analyses
showed that Ni-BPs have different evolutionary ori-
gins and emerged independently from peptide-bind-
ing proteins, possibly explaining the promiscuous
behavior of this class of Ni(II) carriers.
INTRODUCTION
The discovery of nickel in the active site of enzymes dates back
to 1975, with the characterization of urease (Dixon et al., 1975).
Since then, eight additional redox and nonredox nickel enzymes
have been identified (Boer et al., 2014), (Maroney and Ciurli,
2014). Among them, a novel type of nickel-dependent enzyme,
lactate racemase, has been recently reported (Desguin et al.,
2014). Several important human pathogens (Corbel and Hendry,Structure 22, 1421–1985; De Koning-Ward and Robins-Browne, 1995; Ha et al.,
2001; Jose et al., 1991; Lam and Yeo, 1980; Olson and Maier,
2002) express urease and/or [NiFe] hydrogenase, which are
often essential for in vivo colonization of the host organism. In
any case, the challenge for these bacterial pathogens is to pro-
vide enough soluble Ni(II) to these enzymes, especially consid-
ering the low availability of Ni(II) in the human body (z0.5 nM)
(Zambelli and Ciurli, 2014).
In bacteria, Ni(II) is transported through the cytoplasmic mem-
brane by two different high-affinity uptake systems: one type is
represented by secondary Ni/Co transporters (Eitinger et al.,
2005; Zhang et al., 2009), while the other type is represented by
ATP-binding cassette (ABC)-type transporters. The latter are
generally divided into two subclasses: thewell-represented class
of energy-coupling factor (ECF) transporters (Rodionov et al.,
2006) and the canonical ABC-type importers. ECF transporters
are identified as an unusual type of ABC-type transporters in pro-
karyotes anddisplay extremely high affinities forNi(II) (in the pico-
molar to nanomolar range). They are composed of ABC ATPase
subunits (A components), a conserved transmembrane protein
(T component), and a transmembrane substrate-capture protein
(S component) (Eitinger et al., 2011). Canonical ABC-type im-
porters, with affinity in the submicromolar for Ni(II), are made of
five components: two channel-forming transmembrane proteins,
two nucleotide-binding proteins, and an extracytoplasmic so-
lute-binding protein (SBP) (Cui andDavidson, 2011), the latter be-
ing absent in ECF-type transporters. In Gram-negative bacteria,
the SBP is located in the periplasm, while in Gram-positive bac-
teria, it is anchored to the membrane (Wu, 1996). SBPs are the
major determinants of the transporter specificity and constitute
a huge superfamily capable of importing very diverse ligands
(Cui and Davidson, 2011) through a conserved ‘‘Venus Fly-
trap’’ mechanism (Mao et al., 1982). The reported Ni(II) ABC-
type importers belong to the same family as the peptide ABC im-
porters, constituting the peptide/opine/nickel uptake transporter
(PepT) family within the transporter classification system (Saier1432, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1421
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Structure and Evolution of Nickel-Binding Proteinset al., 2006). Recently, Berntsson et al. have proposed a classifi-
cation of SBPs in six different clusters (A–F), based on structural
features (Berntsson et al., 2010). Among these, nickel-binding
proteins (Ni-BPs) belong to cluster C, which comprises proteins
with a variety of different ligand specificities (di- and oligopepti-
des, cellobiose, arginine, and nickel), in agreement with a previ-
ousclassificationbasedonsequencealignments (TamandSaier,
1993). In this cluster, SBPs are larger than other ABC-type trans-
porter receptors (from 55 to 70 kDa) because of the presence of
an extradomain, supposed to be required to accommodate large
ligands such as oligopeptides. Attempts failed to divide cluster C
into subclasses according to substrate specificity. Indeed, (1) Ni-
BPs do not contain any standard Ni-binding motif, (2) most of the
operons encoding the Ni(II) ABC importers are difficult to identify
because they are not systematically adjacent to Ni-enzyme gene
clusters on genomes, and (3) little functional information is avail-
able because only few ABC-type importers have been experi-
mentally shown to import Ni(II); namely, NikABCDE from E. coli
(Navarro et al., 1993), Brucella suis (Jubier-Maurin et al., 2001),
and Vibrio parahaemolyticus (Park et al., 2000); NikABDE from
Helicobacter hepaticus (Benoit et al., 2013); NikZYXWV from
Campylobacter jejuni (Howlett et al., 2012); NikBCDE/NikA (Hiron
et al., 2010) and CntABCDE (Remy et al., 2013) from Staphylo-
coccus aureus; and YntABCDE from Yersiniae (Sebbane et al.,
2002). In addition, a Ni(II)/Co(II) ABC-type importer, CeuE, has
been described in Helicobacter (Stoof et al., 2010). Recently,
structural studies showed that CeuE from H. pylori can bind a
Ni(L-His)2 complex, like EcNikA (Shaik et al., 2014). However,
CeuE does not belong to cluster C, its in vivo function has not
been demonstrated, and its homolog in C. jejuni has been
described as a siderophore importer (Raines et al., 2013).
The only Ni-BP belonging to cluster C that has been structur-
ally characterized so far is NikA from E. coli (EcNikA) (Heddle
et al., 2003). Like other SBPs, EcNikA is composed of two
different lobes connected by a hinge that closes on ligand
binding, and its overall structure resembles that of the oligopep-
tide-binding protein OppA (Tame et al., 1995) and the dipeptide-
binding protein DppA (Nickitenko et al., 1995). Several EcNikA
crystal structures have been solved, providing valuable informa-
tion on the nickel-binding mode (Heddle et al., 2003; Cherrier
et al., 2005, 2008, 2012). These structures suggested that the
protein is not able to bind free Ni(II) because the only direct con-
tact between the protein and the metal ion is formed via a single
histidine residue (His416) (Cavazza et al., 2011), implying that a
metal-chelating ligand is required to complete the coordination
environment of the metal ion (Cherrier et al., 2008). EcNikA is
able to bind nonphysiological complexes made of metal ions
and carboxylated ligands in vitro, such as Fe(III)-EDTA (Cherrier
et al., 2005), suggesting that the natural nickel chelator, desig-
nated ‘‘nickelophore,’’ contains carboxylate groups. So far, two
models of nickelophores have been proposed that correspond
to either a tricarboxylated molecule (Cherrier et al., 2008) or to
two free histidines (Chivers et al., 2012; Lebrette et al., 2013),
but their physiological relevance has not been yet established.
Recently, Howlett et al. showed that NikZ from C. jejuni is able
to bind free Ni(II) in solution but cannot bind a Ni-EDTA complex
(Howlett et al., 2012). The question then arose about the
nickel-binding modes in other Ni-BPs and the putative general
requirement of nickelophores in bacteria. This prompted us to1422 Structure 22, 1421–1432, October 7, 2014 ª2014 Elsevier Ltd Ainvestigate several Ni-BPs from diverse bacteria in order to get
information about the mechanisms possibly developed to bind
nickel.
In this paper, the structural and biochemical studies of NikA
from B. suis (BsNikA), YntA from Yersiniae pestis (YpYntA), and
NikZ fromC. jejuni (CjNikZ) are described with the aim to analyze
and discuss their nickel-binding modes. This study revealed
the structural details of the protein framework involved in nickel
coordination. Together with calorimetric studies in solution that
provided the thermodynamics of ligand binding and with phylo-
genetic analyses that indicated the evolutionary relationships
among Ni-BPs, we identified a diversity of nickel-binding strate-
gies adopted to uptake Ni(II), essential for the survival of human
bacterial pathogens.
RESULTS
Crystal Structures of Ni-BPs
BsNikA, YpYntA, and CjNikZ were crystallized or cocrystallized
with either NiCl2 or previously described ligands for EcNikA;
namely, amixture of NiCl2 and L-histidine or Fe(III)-EDTA. Crystal
structures of the apo-forms of BsNikA, YpYntA, and CjNikZ, cor-
responding to an open unliganded form, were obtained. The
structures of BsNikA in complex with Fe(III)-EDTA, the structures
of YpYntA andCjNikZ in complex with Ni(II) + L-histidine, and the
structure of CjNikZ in complex with Ni(II) were also determined.
Crystallographic statistics are summarized in Table 1.
As expected from the high similarity of their amino acid
sequence (Figure 1A), the structures of apo-BsNikA alone and
in complex with Fe(III)-EDTA are similar to the previously deter-
mined structures of EcNikA (Figure S1 available online) (Heddle
et al., 2003; Cherrier et al., 2005). The corresponding global
root-mean-square-deviation (rmsd) values are 2.3 A˚ for apo-
forms (this value is higher than expected because of the different
opening degrees between the two lobes in the two proteins) and
1.19 A˚ for Fe(III)-EDTA-bound forms. The metal-binding sites in
BsNikA and EcNikA are essentially identical, although Arg95
(Arg97 in EcNikA) is not involved in the binding of Fe(III)-EDTA
(Figure S1). On the other hand, the structure of apo-YpYntA
revealed the presence of an extra loop between residue 237
and residue 249, not observed in any other structure of Ni-
BPs. A solvent-exposed histidine is present at the edge of this
loop, but it is far away from the putative nickel-binding site,
thus rendering its physiological role unclear.
The structures of BsNikA and YpYntA cocrystallized with NiCl2
corresponded to the apo-proteins with an open conformation of
the binding pocket (Figures S1 and S2), suggesting that neither
of them was able to bind free Ni(II). On the other hand, the struc-
ture of CjNikZ obtained in the presence of NiCl2 revealed a
closed conformation of the binding pocket (Figure S2) and
featured a site with electron density corresponding to a Ni(II)
ion, while the structure of apo-CjNikZ was obtained when the
protein was cocrystallized with Fe(III)-EDTA. This is in agreement
with recently published data indicating thatCjNikZ is able to bind
free Ni(II) ion in solution but cannot bind a Ni-EDTA complex
(Howlett et al., 2012).
In all cases, the overall structures featured an a/b fold, com-
mon to peptide-binding proteins (peptide-BPs), and the con-
served extradomain, a signature of SBPs belonging to clusterll rights reserved
Table 1. Data Collection and Refinement Statistics for BsNikA, CjNikZ, and YpYntA Structures
BsNikA CjNikZ YpYntA
Apo BsNikA BsNikA /FeEDTA Apo CjNikZ CjNikZ /Ni-LHis CjNikZ /Ni Apo YpYntA
YpYntA /
Ni-(LHis)2
PDB ID code 4OER 4OES 4OET 4OEU 4OEV 4OFO 4OFL
Beamline PXI (SLS) BM30A (ESRF) ID14-4 (ESRF) ID29 (ESRF) BM30A (ESRF) Proxima I
(SOLEIL)
ID29 (ESRF)
Wavelength (A˚) 0.97627 0.97973 1.00446 0.97901 0.97964 1.0 0.98400
Space group C2 C2 P212121 C2 C2 P212121 P21
Unit cell parameters a = 176.02 A˚ a = 142.71 A˚ a = 81.00 A˚ a = 154.48 A˚ a = 246.12 A˚ a = 101.23 A˚ a = 47.04 A˚
b = 62.23 A˚ b = 76.30 A˚ b = 85.21 A˚ b = 72.77 A˚ b = 47.86 A˚ b = 144.69 A˚ b = 213.83 A˚
c = 114.48 A˚ c = 59.58 A˚ c = 148.46 A˚ c = 86.09 A˚ c = 140.46 A˚ c = 149.19 A˚ c = 52.87 A˚
b = 105.303 b = 109.511 b = 111.988 b = 114.602 b = 102.716
Resolution range (A˚) 43.67–1.85
[1.95–1.85]
46.85–1.95
[2.05–1.95]
46.04–2.40
[2.50–2.40]
46.63–2.20
[2.30–2.20]
45.23–1.90
[2.00–1.90]
47.93–3.00
[3.10–3.00]
46.45–2.70
[2.80–2.70]
Rsym (%) 4.3 [45.2] 7.7 [35.6] 11.3 [50.5] 5.7 [64.8] 6.5 [42.5] 12.6 [72.3] 8.5 [51.2]
I/s 15.87 [3.29] 10.96 [3.45] 14.29 [4.15] 23.62 [3.09] 13.65 [3.14] 12.61 [2.68] 10.54 [2.14]
Completeness (%) 97.4 [93.1] 97.7 [93.3] 99.8 [100] 98.0 [97.3] 99.0 [99.7] 99.9 [99.9] 95.4 [94.7]
Redundancy 3.4 [3.2] 3.5 [3.3] 6.3 [6.3] 6.7 [6.6] 4.6 [4.4] 5.2 [5.4] 2.3 [2.3]
Nmeasured 338,220
[44,277]
151,991
[19,168]
256,538
[28,997]
297,996
[35,144]
544,624
[74,076]
231,857
[22,101]
61,037
[6,250]
Nunique 99,676
[13,861]
43,076
[5,724]
40,880
[4,594]
44,298
[5,354]
117,159
[16,686]
44,529
[4,123]
26,613
[2,732]
Refinement
R factor/ Rfree factor (%) 18.49/22.17 19.24/24.08 17.92/22.03 19.23/24.07 20.19/23.55 19.43/22.43 19.28/23.36
Number of protein atoms 7,905 3,913 8,050 8,054 8,050 15,476 7,768
Number of ligand atoms 98 60 48 66 50 4 46
Number of water
molecules
754 392 432 310 903 27 106
Average B factor (A˚2) 35.3 32.6 36.0 50.2 44.2 65.6 49.9
Rmsd bonds (A˚) 0.007 0.013 0.005 0.007 0.016 0.010 0.009
Rmsd angles () 1.11 1.38 0.90 0.88 1.41 1.13 0.78
Ramachandran plot
Residues in most
favorable region (%)
97.5 97.0 97.5 97.6 96.8 96.7 97.2
Residues in disallowed
region (%)
0.0 0.2 0.0 0.0 0.2 0.2 0.2
Values in brackets are for the highest resolution shell. SLS, Swiss Light Source; ESRF, European Synchrotron Radiation Facility; SOLEIL, French
National Synchrotron Facility SOLEIL.
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Structure and Evolution of Nickel-Binding ProteinsC, was present. As described for OppA, all structures presented
three domains: domain Ia and domain Ib (the latter correspond-
ing to the extradomain) constitute one lobe, while domain II cor-
responds to the other lobe (Berntsson et al., 2009).
The superimposition of (1) the structures of YpYntA andCjNikZ
in complex with Ni(II) and L-His; (2) the structure of EcNikA in
complex with Ni(L-His)2 (Lebrette et al., 2013; Protein Data
Bank [PDB] ID code 4I8C); and (3) the structure of S. aureus
NikA (SaNikA) in complex with Ni(L-His)2 (deposited in the PDB
by G. Minasov et al.; PDB ID code: 3RQT), revealed that the
nickel-binding sites are located either between either domain
Ib and II in site A, as observed for EcNikA and for BsNikA, or be-
tween domain Ia and domain II in site B, as in the case of SaNikA,
YpYntA, and CjNikZ, at a distance of 5 A˚ away from site A
(Figure 1B).Structure 22, 1421–Ni-Binding Motifs and Binding Modes in Ni-BPs
The nickel-binding site A was previously identified and charac-
terized in the crystal structure of EcNikA: Arg97 and Arg137
are involved in salt bridges with carboxylate groups of the nickel-
ophore; Trp100 and Trp398 are involved in CH-p and p-stacking
interactions; Tyr402 stabilizes a structural water; and His416
binds Ni(II) (Cherrier et al., 2012). Only NikA from H. hepaticus
(HhNikA) and BsNikA possess a nickel-binding motif identical
to that of EcNikA (Figure 1A), indicating a conservation of the
nickel-binding modes in these three proteins. In the case of
CntA from S. aureus (SaCntA), Arg97 and His416 are not
conserved, suggesting a different Ni(II)-binding mode. For the
other Ni-BPs, the conservation of no, or only one, residue pre-
vents a general consensus for Ni(II) binding either as a naked
ion or complexed by a nickelophore (Figure 1A).1432, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1423
Figure 1. Alignment and Structure Compari-
son of Ni-BPs
(A) Sequence alignments of experimentally
described Ni-BPs. Each sequence was indepen-
dently aligned with EcNikA sequence. Residues
conserved with EcNikA binding site are depicted
in blue.
(B) Superimposition of Ni-BPs (EcNikA in brown,
SaNikA in cyan, YpNikA in purple, and CjNikZ in
blue). Sites A and B are depicted in orange and
green, respectively.
Structure
Structure and Evolution of Nickel-Binding ProteinsIn the case of the complex formed between YpYntA and
Ni(L-His)2, the only contact between Ni(II) and nearby protein
residues involves His482 (Figure 2A). The remaining coordination
sites are filled by two free histidines: His1 was observed in the
electron density in a well-defined pocket lined mainly by aro-
matic residues, with its carboxylate group interacting with
Arg344. His2 is not as well stabilized as His1, as shown by the
poor quality of the electron density map. Nevertheless, despite
the limited resolution of 2.7 A˚, the interpretation of the electron
density by a stepwise approach is compatible with the presence
of a second free histidine (His2) that completes the coordination
sphere of Ni(II). Sequence alignments showed that the nickel-
binding motif identified here is conserved in NikA from Vibrio
parahaemolyticus (VpNikA).
The crystal structures of YpYntA suggested that it is able to
productively bind nickel only in the presence of small chelating
molecules, such as L-His. To confirm these observations and to
determine the binding thermodynamics of YpYntA to naked
Ni(II) or to Ni(II) complexes in solution, the protein was titrated
with Ni(II), Ni-EDTA, and Ni(L-His)2 using isothermal titration
calorimetry (ITC). As a control, the same experiments were
conducted using EcNikA to verify the consistency of the data
obtained using ITC (Table S1) with the previously obtained crys-
tallographic results (Lebrette et al., 2013). Similarly to EcNikA
(Figure S3), the binding of YpYntA to Ni-EDTA and Ni(L-His)2
(Figure S4) was revealed by the exothermic effects that followed
each injection of the titrant on to the protein solution. A fit of the
experimental data using a binding model involving a single set
of sites (Figures 3A and 3B) indicated, as observed for EcNikA,
a 1:1 stoichiometry, with one Ni-EDTA and one Ni(L-His)2 mole-1424 Structure 22, 1421–1432, October 7, 2014 ª2014 Elsevier Ltd All rights reservedcule bound to one protein monomer and
dissociation constant, KD, values of 63 ±
8 nM and 29 ± 6 nM, respectively. This
protein shows higher affinity to both
Ni-EDTA and Ni(L-His)2 as compared to
EcNikA, which binds Ni(L-His)2 and Ni-
EDTA with KD = 0.83 ± 0.08 mM and
KD = 18 ± 2 mM, respectively. These
data also revealed that YpYntA binds Ni-
EDTA and Ni(L-His)2 with similar affinity.
On the contrary, no heat was produced
when Ni(II) ions were titrated on to the
YpYntA solution (Figure S4), indicating
that this protein does not bind free Ni(II)
ions, in agreement with the crystallo-
graphic data.Both structures of CjNikZ complexed with either a Ni(II)-histi-
dine complex or bound to naked Ni(II) are characterized by three
histidine residues (His26, His480, and His481) as nickel ligands
(Figures 2B and 2C). His26 is located on a flexible loop in the
apo-form and undergoes a large movement to bind Ni(II), while
His480 and His481 are located in a loop corresponding to a
six-residue insertion in the amino acid sequence. In the structure
of CjNikZ complexed with Ni(II)-histidine, the octahedral coordi-
nation of Ni(II) ion is completed with three additional bonds
formed by the free histidine (Figure 2B). In the case of CjNikZ
complexedwith nakedNi(II), a molecule is present in the electron
density map, modeled as an oxalate. The two carboxylate
groups of oxalate interacts with Ni(II), one of them additionally
forming a salt bridgewith Arg344. The Ni(II) coordination environ-
ment is completed with a water molecule (Figure 2C). Oxalate
has not been added in crystallization buffer. However, the elec-
tron density of the small molecule bound to Ni(II) in the CjNikZ
crystal structure perfectly fits with an oxalate molecule. A possi-
bility is that oxalate was present as traces in buffers or has been
formed from CO2 reduction. A small exogenous acidic molecule
appears, therefore, to be required to bind Ni(II) in CjNikZ. In both
cases, the Ni chelator is exposed to the solvent, mainly because
of the absence of an a-helix conservatively present in all the
other Ni-BPs, replaced here by a well-defined loop (residues
368–376) lining the Ni(II)-binding site (Figure 4A).
The titration of Ni-EDTA andNi(L-His)2 on toCjNikZ did not pro-
duce any thermic effect in solution (Figure S4), indicating that,
differently from EcNikA and YpYntA, this Ni-BP does not bind
theseNi(II) complexes in solution.We initially performedNi(II) titra-
tion experiments in the presence of 100 mMoxalate. However, the
Figure 2. Crystal Structures, Fo-Fc Omit
Fourier Electron Density Maps, in Green,
and Anomalous Difference Maps, in Purple,
of Nickel-Binding Sites
(A) YpYntA in complex with Ni(L-His)2 at 2.7 A˚
resolution; electron density maps of the two free
histidines are contoured at the 3 s level.
(B) CjNikZ in complex with Ni(II)-histidine at 2.2 A˚
resolution; electron density map of free histidine
contoured at the 3 s level; anomalous difference
map contoured at the 5 s level.
(C) CjNikZ in complex with Ni(II) and oxalate at
1.9 A˚ resolution; electron density map of oxalate
contoured at the 5 s level; anomalous difference
map contoured at the 7 s level.
(D) SaNikA in complex with Ni(L-His)2 (PDB ID
code: 3RQT). Nickel ion is depicted in green, free
histidines are depicted in yellow, and oxalate is
depicted in orange. The loop corresponding to a
six-residue insertion in CjNikZ and YpYntA is de-
picted in red. Water molecules are depicted in red
spheres.
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Structure and Evolution of Nickel-Binding Proteinstitration curve results were not interpretable, with a very low heat
of reaction for the first 20–30 injections of Ni(II), followed by
exothermic peaks at higher protein:metal ratio. After the experi-
ment, a precipitate was clearly visible in the protein solution.
Considering that compounds of divalent metal ions with oxalate
are largely insoluble in water, we conclude that, during Ni(II) titra-
tion, theNi-oxalatecomplexprecipitates, renderingNi(II) not avail-
able for protein binding at the beginning of the titration.While Ni(II)
concentration increased in solution, overcoming the oxalate con-
centration, freeNi(II) becameavailable tobind theprotein,produc-
ing the exothermic signals. On the other hand, an experiment
performed titrating aquo-Ni(II) on to CjNikZ initially produced
exothermiceffects that followedeach injection, indicativeofdirect
protein-metal ion interaction (Figure S4). A fit of the experimental
data (Figure 3C) using a binding model involving a single set of
bindingsites indicated thatoneNi(II) ionbinds tooneproteinmole-
cule with KD = 1.6 ± 0.2 mM (in agreement with published values;
Howlett et al., 2012). The apparent discrepancywith the crystallo-
graphic observations, which showed a Ni(II)-histidine complex
bound toCjNikZ, canbeexplainedby the fact that during thecrys-
tal soaking experiments, L-histidine was highly concentrated and
therefore could easily diffuse to the nickel-binding site and com-
plete the coordination sphere of nickel ion. In any case, the crystal
structure analysis excludes the binding of Ni(L-His)2 to CjNikZ.
The crystal structure of SaNikA containing bound Ni(L-His)2
(PDB ID code: 3RQT) shows a Ni(II) ion hexacoordinated by
two free histidines, similarly to the Ni(L-His)2 complex in solution
(Fraser and Harding, 1967) (Figure 2D). As opposed to what has
been observed in the case of EcNikA (Lebrette et al., 2013), theStructure 22, 1421–1432, October 7, 2014nickel complex is not reorganized on
binding to the protein. The cavity is
buried, and only residues from domain II
are involved in binding Ni(L-His)2, while
domain I lines one side of the highly
solvated cavity. Water molecules form
several shells of solvation around the
bound Ni(L-His)2. The carboxylate groupsof the two free histidines, His1 and His2, form salt bridges with
Arg322 and Arg231, respectively. Conserved aromatic residues
line this cavity: Tyr319 interacts with the carboxylate group of
His1, the hydroxyl group of Tyr366 interacts with the amino
group of His1, and Phe368 is involved in an edge-to-face aro-
matic interaction with His2 (Figure 2D).
In all cases discussed so far, Ni(II) adopts an octahedral coor-
dination geometry, regardless of the nature of the chelator
required to complete the nickel coordination, and the ligands
are always at the interface of the two protein lobes. In site B,
both Ni(II) and His1 are well superimposed in all the structures,
arginines involved in chelator binding belong to domain II, and
histidines (when present) belong to domain Ia. On the other
hand, in site A, the arginines belong to domain Ib and the histi-
dine belongs to domain II (Figure 4A).
Ni-BPs versus Peptide-BPs
In peptide-BPs, peptides bind in large well-hydrated pockets,
and the binding specificity is determined by hydrogen bonds
with the ligand backbone. For small peptides, the binding is
stabilized by salt bridges with arginine and aspartic acid (or
serine) residues that constrain the positions of both termini in
the binding site (Nickitenko et al., 1995; Maqbool et al., 2011).
Differently, in OppA from Lactococcus lactis (LlOppA) (Berntsson
et al., 2009), which is known to bind very large peptides (up to 35
residues) and possesses the largest binding pocket among
peptide-BPs with a volume of about 5,000 A˚3), peptides are
not bound to the protein via salt bridges, but their central part
is anchored in a well-defined hydrophobic pocket.ª2014 Elsevier Ltd All rights reserved 1425
Figure 3. Ligand Binding Studies Using Isothermal Titration
Calorimetry
Binding thermodynamics of (A) Ni-EDTA (990 mM) and (B) Ni(L-His)2 (200 mM) to
YpYntA (15–25 mM), and of (C) Ni(II) (200 mM) to CjNikZ (40 mM). All measures
were conducted in 40 mM HEPES, pH 7.5, using ITC. The plots represent
integrated heat data of titrations of ligand onto the protein solution as a
function of ligand/protein molar ratio. The continuous line represents the best
fit obtained using a model with one set of binding sites.
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1426 Structure 22, 1421–1432, October 7, 2014 ª2014 Elsevier Ltd AFrom the superimposition of Ni-BPs with di- and oligopeptide
binding proteins, several essential features can be observed.
First, the binding pockets corresponding to site B in SaNikA,
YpYntA, and CjNikZ are much more similar to peptide-binding
pockets than in the case of EcNikA and BsNikA (site A). In site
B, the arginine that interacts with the carboxylate group of His1
in SaNikA (Arg325), YpYntA (Arg344), and CjNikZ (Arg344) is
conserved in several Dpp and Opp proteins, where it interacts
with either the C-terminal carboxyl group or the peptide back-
bone. Moreover, the well-defined aromatic pocket of LlOppA
(Berntsson et al., 2011) is almost conserved in YpYntA and
CjNikZ (Figure 4B), and to a lesser extent, in SaNikA. In the
case of YpYntA and CjNikZ, the major difference with peptide-
BPs thus resides in the presence of an additional loop containing
histidine residues involved in Ni(II) binding. In EcNikA and
BsNikA, site A is lined by several aromatic residues and two
arginines. However, the superimposition of their binding pockets
with several peptide-binding pockets shows that they are not
conserved, except for a tryptophane residue (Trp398 in EcNikA)
(Figure 4C).
Concerning the volume of the binding pockets, the value
calculated for SaNikA (2,200 A˚3) is close to that of the binding
pocket of AppA from Bacillus subtilis, known to bind nonapepti-
des (Levdikov et al., 2005). SaNikA is thus probably able to bind
large Ni complexes. In CjNikZ, the volume of the pocket is
smaller (750 A˚3) and more comparable to that of EcDppA (Nick-
itenko et al., 1995). The volume cavity of YpYntA could not be
determined because the protein in complex with Ni(L-His)2 is
too open to define a measurable space.
Phylogeny of Ni-BPs
The availability of structural, biochemical, or genetic information
on eight Ni-BPs prompted us to conduct a phylogenetic study in
order to determine the correlation between their chemical
biology and their evolutionary relationship. The analysis of the
3,276 homologs identified in 2,646 complete prokaryotic pro-
teomes indicated that the eight Ni-BPs do not cluster together,
consistent with different evolutionary origins (Figure 5). The re-
sulting phylogenetic tree indicated that EcNikA,BsNikA,HhNikA,
and SaCntA on the one hand and VpNikA, YpYntA, and, to a
lesser extent, CjNikZ on the other hand could be more closely
related to each other than other Ni-BPs (Figure 5).
The phylogenetic analysis of the closest homologs of EcNikA,
BsNikA, HhNikA, SaCntA, YpYntA, VpNikA, CjNikZ, and SaNikA
confirmed the tight evolutionary link among EcNikA, BsNikA,
HhNikA, and SaCntA, and between YpYntA and VpNikA (Figures
S5–S8). A more detailed examination of the resulting maximum
likelihood trees revealed a patchy taxonomic distribution of these
sequences among prokaryotic lineages. For instance, close ho-
mologs of EcNikA have been identified in a few other g-proteo-
bacteria, while hundreds of complete genomes were available
for this class. A similar situation occurred for VpNikA and YpYntA
(Figure S6). Likewise, (1) close homologs of SaCntA and SaNikA
were present in a few firmicutes (Figures S5 and S8), (2) CjNikZ
andHhNikA homologs were found in a few ε-proteobacteria (Fig-
uresS5andS7), and (3)BsNikAhomologswere restricted toa few
a-proteobacterial genera (Figure S5). Close homologs of these
sequences were also found in representatives of various bacte-
rial and archaeal groups. However, their taxonomic distributionll rights reserved
Figure 4. Topology of Ni-BPs and Comparison with Opp Proteins
(A) Schematic representation of the common topology of Ni-BPs: The nickel-binding site involves a central aromatic residue in Domain (Dom) II (in red), at least
one arginine in Domain Ib or II (in magenta), and at least one histidine when present (in blue) in the opposite lobe (Domain Ia or Domain II). The red helix is not
present in CjNikZ. The red loop is present in CjNikZ and YpYntA. The orange loop corresponds to the extra loop present in YpYntA.
(B and C) Superimposition of either (B) CjNikZ nickel-binding site (in green) or (C) EcNikA nickel-binding site (in magenta) (PDB ID code: 4I8C) with LlOppA
aromatic pocket (in gray) (PDB ID code: 3DRF). Ni(II) ion is depicted as a green sphere. The aromatic pocket in LlOppA is shadowed in gray. The octapeptide in
complex with LlOppA is depicted in yellow (PDB ID code: 3DRF).
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relationships were inconsistent with the current systematics of
prokaryotes. For instance, the closest relatives of VpNikA and
YpYntA were found in a few cyanobacteria, actinobacteria,
a-proteobacteria, and d-proteobacteria (Figure S6). Similarly,
the closest homologs ofCjNikZwere found in a few ε-proteobac-
teria and firmicutes (Figure S7), whereas these two major pro-
karyotic lineages are not related. Together, the inconsistency of
the phylogenetic relationships as well as the patchy taxonomic
distribution of the closest homologs of the eight Ni-BPs consid-Structure 22, 1421–ered here strongly suggested that the evolutionary history of
these proteins is dominated by horizontal gene transfers
(HGTs). Surprisingly, these HGTs occurred among bacteria and
Archaea, among Gram-positive and Gram-negative bacteria,
and among organisms having different lifestyles.
DISCUSSION
The crystal structures of YpYntA, CjNikZ, and BsNikA reported
here confirmed that all these Ni-BPs belong to cluster C of1432, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1427
Figure 5. Approximately ML Tree of the 3,276 Homologs of the Eight
Experimentally Characterized Ni-BPs: 53 Amino Acid Positions
The closest homologs of each of the eight Ni-BPs found in representatives
of the same phylum or class are colored. More precisely, the closest ho-
mologs of (1) EcNikA, YpYntA, and VpNikA found in gammaproteobacteria
are indicated in light blue; (2) HhNikA and CjNikZ found in ε-proteobacteria
are shown in dark blue, (3) SaNikA and SaCntA found in firmicutes are
shown in pink; and (4) BsNikA present in alphaproteobacteria are indicated
in yellow. The red circle corresponds to the common ancestor shared by
SaCntA, HhNikA, BsNickA, and EcNikA. The orange circle designs the
common ancestor shared by VpNikA, YpYntA, and CjNikZ. The scale bar
corresponds to the average number of substitution per site inferred with
FastTree.
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Structure and Evolution of Nickel-Binding ProteinsSBPs and allowed us to identify their Ni(II)-binding motifs (Fig-
ure 6). This study highlighted the unsuspected diversity of
Ni(II)-binding motifs in this protein family, with three different
strategies for Ni(II) binding revealed in only five Ni-BPs. The
first strategy, observed for EcNikA, BsNikA, and YpYntA, cor-
responds to a single protein-based histidine residue from one
lobe interacting directly with Ni(II), while one or two arginines
from the opposite lobe interact with a nickelophore, the latter
providing all the remaining ligands to complete the octahedral
coordination of Ni(II). The second strategy, observed in CjNikZ,
features three protein-based histidines from one lobe that
directly bind Ni(II), while one arginine from the opposite lobe
is involved in the interaction with an exogenous ligand (which
may be a small acidic molecule) that completes the Ni(II) coor-
dination environment. The third strategy, illustrated by SaNikA,
involves the absence of any direct contact between protein-
based ligands and Ni(II), with the protein interacting with a
nickelophore (two free histidines in the 3RQT PDB crystal
structure) via arginine and aromatic residues. These observa-
tions are in agreement with phylogenetic analyses that
suggested at least four independent origins of Ni-BPs from
peptide-BPs, each being associated to different Ni(II) binding1428 Structure 22, 1421–1432, October 7, 2014 ª2014 Elsevier Ltd Astrategies and defining distinctive types of Ni-BPs. In return,
this precludes the determination of a common consensus
nickel-binding motif, implying also that other Ni-BPs may exist.
However, despite independent origins, several features are
common to the three types of Ni-BPs. (1) Arginine residues
are systematically present in nickel-binding motifs, suitable
to form salt bridges with carboxylate groups present in nickel
chelators, such as the case of histidines, as previously
proposed for E. coli. (2) Aromatic residues are always
conserved in the binding pocket: they can have a structural
role or may be involved in p-stacking or CH-p interactions
with the nickelophore. (3) If nickel ion interacts directly with
the protein, the interaction is always formed via one or more
histidine residues.
All Ni-BPs investigated so far are also able to bind Ni(II)-histi-
dine complexes in vitro, but their physiological relevance as nick-
elophores remains to be demonstrated. This versatility of Ni-BPs
is analogous to the case of peptide-BPs, for which the binding
pocket has been shown to be relatively adaptable to accommo-
date diverse peptides having different composition and length.
With EcNikA, we have previously observed an analogous flexi-
bility to bind metal chelators with similar affinities (Cherrier
et al., 2012). In this study, we have also shown that YpYntA
can bind Ni-EDTA as well as Ni(L-His)2 in solution, further sup-
porting the promiscuity of Ni-BPs.
It is difficult to clearly determine the general criteria that lead
Ni-BPs to discriminate between nickel chelators and oligopepti-
des. In this study, the presence of histidine residues that interact
directly with Ni(II) appears to be an essential factor for discrimi-
nating between peptides and nickel complexes in CjNikZ and
YpYntA. The case of SaNikA is, however, puzzling, because
there is no direct interaction between protein residues and
Ni(II) and because the binding pocket seems to be suitable to
accommodate larger ligands.
The crystal structure of the nickel-specific S component
NikM2 of the ECF-transporter NikMNQO system from Thermoa-
naerobacter tengcongensis (Tt) has been recently reported,
providing the first picture of a nickel-binding site in ECF metal
transporters. In NikM2, an additional N-terminal transmembrane
segment not present in other ECF-type transporters is required
for substrate binding, which provides a direct interaction be-
tween the Ni(II) ion and the peptide nitrogen atoms of Met1
and His2. The coordination sphere of Ni(II) is completed by
His2 Nd and His67 Nε, with the four nitrogen atoms forming a
pseudo-square planar geometry (Yu et al., 2014). In this case,
nickel binding does not require any chelator, revealing a binding
mode that is distinct from those observed in Ni-BPs belonging to
canonical ABC importers.
Our study revealed that EcNikA homologs represent only a
small fraction of the Ni-BP family. The determination of new
binding motifs sheds a new light on nickel transport by these
proteins, and their diversity suggests that they are unlikely
to reflect the full repertoire of Ni-BPs, in agreement with phylo-
genetic analyses. Moreover, this study opens perspectives
for the identification of Ni(II) transporters in the PepT family.
With the determination of nickel-binding strategies, the use
of nickelophores does not seem to be a general require-
ment in bacteria, and their characterization in vivo remains a
challenge.ll rights reserved
Figure 6. Sequence Alignments of the Eight Studied Ni-BPs
Residues constituting nickel-binding sites are depicted in magenta in EcNikA, BsNikA, HhNikA, and SaCntA; in blue in SaNikA; in orange in YpYntA and VpNikA;
and in purple in CjNikZ.
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Analytical Methods
Protein purity was checked by SDS-PAGE and/or by mass spectrometry. Pro-
tein concentration was estimated by UV absorbance spectroscopy using the
theoretical ε280 calculated with the ProtParam tool: ε280 = 79,300 M
1 cm1
for CjNikZ and 121,935 M1 cm1 for YpYntA. Metal content was checked
by inductively coupled plasma/optical emission spectrometry (ICP-OES); the
metal/protein ratios in YpYntA, CjNikZ, and EcNikA were less than 0.01.Structure 22, 1421–Crystallization
All the protein crystallization conditions were obtained using the AnoXtal plat-
form. Sitting drops were prepared by mixing 200–400 nl of a protein solution
with 200–400 nl of crystallization screens (Hampton Resarch Grid Screens
and QIAGEN protein crystallization suites). The crystallization conditions
were then manually optimized. For YpYntA, 2 ml of 21 mg/ml protein solution
was mixed with 2 ml of 17% polyethylene glycol (PEG) 6000, 50 mM HEPES,
pH 7.5, reservoir solution. Three molar equivalents of NiCl2 were added in
the protein solution before crystallization. For YpYntA/Ni(L-His)2, 2 ml of a1432, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1429
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Structure and Evolution of Nickel-Binding Proteins21 mg/ml protein solution was mixed with 2 ml of 29% PEG 10000, 50 mM Tris,
pH 8.5, 1 M NaCl reservoir solution. Three molar equivalents of NiCl2 and six
molar equivalents of L-His were added in the protein solution before crystalli-
zation. For apoCjNikZ, 200 nl of a 17 mg/ml protein solution was mixed with
200 nl of either 15% PEG 5000, 100 mM HEPES, pH 7.0; or 20% PEG 3350,
100 mM HEPES, pH 7.0, plus 0.2 M MgCl2. The latter crystals were used for
heavy metal soaking (48 hr with 20 mM of Hg or Au salts). For CjNikZ/Ni-L-
His, apo-NikZ crystals were soaked in a solution containing 1 mM NiCl2,
2 mM L-His. For CjNikZ/Ni, crystals were obtained by using 20% PEG 6000,
0.1 M MES, pH 6.0, in a 2:1 protein:reservoir solution ratio. Two molar equiv-
alents of NiCl2 were added in the protein solution before crystallization.
For BsNikA, two types of crystals were obtained: hexagons, by mixing 0.4 ml
of 10 mg/ml protein solution with 0.4 ml of the 2.0 M ammonium sulfate reser-
voir solution; and monoclinic prisms, by mixing 2 ml of 10 mg/ml protein solu-
tion with 1 ml of the 1.7 M ammonium sulfate, 0.1 M Tris, pH 8.5, and 25 mM
MgSO4 reservoir solution. To obtain the cocrystallized Fe(III)-EDTA form,
BsNikA was first incubated overnight at 4C with a 2-fold molar excess of
Fe(III)-EDTA and was crystallized by mixing 2 ml of 10 mg/ml protein solution
with 1 ml of 2.0 M ammonium sulfate, 0.1 M Tris, pH 8.5, and 25 mM MgSO4
reservoir solution.
Data Collection and Structure Determination
Data were collected at beamlines BM30A and ID23eh1 of the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France; the PROXIMA I beam-
line, Soleil, Paris, France; and the PX beamlines, Swiss Light Source in Villigen,
Switzerland. Data reduction was carried out using XDS (Kabsch, 2010). For
YpYntA, the structures were solved with PHASER (McCoy et al., 2007) by
the molecular replacement method using the atomic coordinates and of the
putative SBP from Yersinia pestis (PDB ID code: 3RY3). For CjNikZ, the struc-
ture was solved by a combination of molecular replacement (using Balbes,
which created a partial model from the X-ray structure of the dipeptide binding
protein, DppA, from E. coli [PDB ID code: 1DPE]) and the single-wavelength
anomalous diffraction (SAD) method, using the anomalous difference data
from an Hg derivative (AutoSol, Autobuild, Phenix suite [Adams et al., 2010]
and ArpWarp [Langer et al., 2008] were used for automated macromolecular
model building). The model was initially refined with REFMAC (Murshudov
et al., 2011). Crystallographic refinements were conducted using Phenix
(Adams et al., 2010), and the 3D models were examined and modified using
the graphics program Coot (Emsley et al., 2010). The geometric quality of
the model was assessed with the structure validation tool MolProbity (Chen
et al., 2010). Superimposition of models and rmsd were calculated using the
Secondary-Structure Matching tool (Krissinel and Henrick, 2004). Figures 2,
3, 5, S1, and S2 were prepared with PyMOL (the PyMOL Molecular Graphics
System, Version 1.3, Schro¨dinger). Binding pocket volumes were calculated
with the program Voidoo from the Uppsala Software Factory (Kleywegt and
Jones, 1994). Domain rotations were calculated using Dyndom from the
CCP4 suite (Hayward and Berendsen, 1998).
ITC
In order to explore the metal-binding properties of different Ni-BPs and
to confirm in solution what was observed in the crystal state in terms of binding
abilities of different nickel complexes, titration experiments were performed
at 25C using a high-sensitivity VP-ITC microcalorimeter (MicroCal), as
described elsewhere (Zambelli et al., 2007). In particular, 0.2–0.5 mM NiSO4,
0.99 mM Ni-EDTA, or 0.1–0.3 mM Ni(L-His)2 was titrated onto 15–40 mM pro-
tein solutions. Control experiments were performed, and the binding constant
of Ni(II) to L-His was determined using the same procedure as described in the
Supplemental Information. Data were processed with the Origin software
package (MicroCal) and fitted using a model involving one set of binding sites.
Phylogenetic Analyses
A local protein database gathering the 2,646 complete prokaryotic proteomes
deduced from complete genome sequences available at the National Center
for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) as of September
6, 2013, was queried with the BlastP program (Altschul et al., 1997) (default pa-
rameters) using each of the eight experimentally characterized Ni-BPs as
seed. For each seed, the 1,000 homologs displaying the highest similarity
were retrieved. The 8,000 retrieved homologs were purged for duplicates1430 Structure 22, 1421–1432, October 7, 2014 ª2014 Elsevier Ltd Aand resulted in 3,276 distinct proteins, which were then aligned with MAFFT
v.7 (default parameters). The resulting multiple alignment was checked with
MUST (Philippe, 1993), trimmed with the BMGE software (BLOSUM30 option)
(Criscuolo and Gribaldo, 2010), and used to infer a global phylogeny of Ni-BP
homologs with FastTree v.2 using a gamma distribution with four categories
(Price et al., 2010).
Maximum likelihood (ML) phylogenetic analyses of the closest homologs of
the experimentally characterized Ni-BP were then reconstructed. Only one
representative strain per species was kept in order to decrease computation
time. The sequences were aligned with MAFFT with the linsi option that allows
the constructions of accurate alignments (Katoh and Standley, 2013). The
resulting multiple alignments were inspected using the MUST software (Phil-
ippe, 1993) and trimmed with the BMGE software (BLOSUM30 option) (Cris-
cuolo and Gribaldo, 2010). ML phylogenies were inferred with PhyML v.3.2
(NNI+SPR tree search option) (Guindon et al., 2010) with the Le and Gascuel
model (Le and Gascuel, 2008). A gamma distribution with four categories
was used to model the heterogeneity of the site evolutionary rates (ML estima-
tion of the alpha parameter of the distribution). The robustness of the resulting
trees was estimated with the bootstrap procedure implemented in PhyML (100
replicates of the initial alignments).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
eight figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.str.2014.07.012.
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